ABSTRACT This paper presents a novel compact single-layer ultra-wideband phase shifter using weakly coupled lines, which contains a main line and a reference line. The basic equations of this phase shifter are calculated based on the even-odd mode theory. Then, the parameters are determined in the design procedure. A compact ultra-wideband 90 • phase shifter is designed, fabricated, and measured for demonstration. The measured results, in good agreement with the EM simulation, show that this phase shifter can provide a wide bandwidth from 1.36 to 4.53 GHz (107.6%) with a phase deviation of only ±5 • . Meanwhile, return loss better than 10 dB and insertion loss less than 1.25 dB can be obtained.
I. INTRODUCTION
Phase shifters are highly demanded in communication systems. In these systems, miniaturization and wide band are the development trends. To realize wideband phase shifters, several prototypes have been proposed, among which Schiffman phase shifter [1] - [3] is the most classical and simplest one. However, this phase shifter is hardly feasible when a wider bandwidth is required, for a larger bandwidth means tighter coupling, narrower gaps, and more difficulty in manufacturing. To solve the problem of fabricating with a broadened bandwidth, broadside coupling phase shifters [4] - [9] are presented. However, this phase shifter [4] contains three layers and may bring incompatibility to integrated communication systems [24] . Single-layer phase shifters are thus developed in [10] - [15] , in which loaded transmission lines are employed in the phase shifting parts of the circuits. The phase shifter in [13] is easy to fabricate and can provide a bandwidth of 103%, but the loaded transmission lines may occupy much space and result in a large circuit size. Another common prototype is the reflection-type phase shifter [16] - [19] , in which insertion loss is slight yet its bandwidth is 20%-67%. Phase shifters based on multimode resonators are presented in [20] and [21] , which have small phase errors but need tight coupling. In [21] - [23] , phase shifters can achieve a filtering function with complex structures.
Phase shifters [23] - [28] have a large bandwidth and a small size, which combine stub-loaded transmission lines and coupled lines. Based on the combination, this paper proposes an original structure for differential phase shifters, which can provide a large bandwidth. This structure is easy to manufacture for using weakly coupled lines. Meanwhile, this singlelayer structure is compatible to integrated communication systems. The size of the phase shifting part is also small. The schematic circuit of this phase shifter is analyzed by the even-odd mode theory [28] and some significant formulas are given simultaneously [13] , [29] - [31] . According to these formulas, the complete parameters of the circuit are designed and calculated. A 90 • phase shifter is simulated, fabricated, and measured to validate feasibility of this novel structure. Fig. 1(a) shows the circuit model of the proposed ultrawideband phase shifter. This phase shifter includes a reference line and a main line. The reference line contains one interconnected coupled line and the main line is composed of three coupled lines. Coupled line 1 is interconnected and coupled line 3 is connected to ground. As shown in Fig. 1(a) , there are four ports in the whole circuit. The even-mode and odd-mode equivalent circuits of the main line are shown in Fig. 1(b) and Fig. 1(c) . Like conventional differential phase shifters, the phase shift is determined by the insertion phase difference between the main line and the reference line [13] 
II. THEORY AND DESIGN
In this paper, the even-mode and odd-mode characteristic impedances of these coupled lines are defined as Z ei and Z oi (i = 1, 2, 3, and 4). Meanwhile, the electrical lengths are θ j (j = 1, 2, 3, and 4) and the center frequency f 0 is set to 3 GHz. At f 0 , the electrical length of the second coupled line is θ 0 = 90 • . The impedances of the input and output ports are Z 0 (Z 0 = 50 ). In this paper, the electrical lengths θ j (j = 1, 2, 3, and 4) can be described by f , θ 0 , and the coefficient K as
The structure of this phase shifter is symmetric and the basic equations can be achieved through the even-odd mode theory introduced in [28] and [31] . In Fig. 1(b) and Fig. 1(c) , the input impedances of the main line can be derived as (3a) and (3b), as shown at the bottom of the next page.
According to (3a) and (3b), the even-odd mode reflection coefficients of the main line can be expressed as
Based on (4a) and (4b), the scattering parameters of the main line can be obtained by
From (5), the magnitudes and the phase of scattering parameters can be calculated as
The magnitude of S 21 is set as |S 21 | = 0 to calculate the transmission zeros which are constant when coupling is weak [24] f z1 = 0, f z2 = 6 GHz.
These transmission zeros are caused by the third coupled line which is connected to ground. According to [1] , the insertion phase of the reference line can be determined as
Based on (1), (6b), and (8), the phase shift can be derived as
The phase shift of this differential phase shifter is designed as 0 and the phase error can be defined as [13] 
To find the extremum of |S 11 | during the working band, the first order derivative of |S 11 | should be set as zero [13] and the corresponding frequency is f r (f r has several solutions)
To acquire the extremum of |PE| during the working band, the first order derivative of PE should be set as zero [13] and the corresponding frequency is
In this paper, the extremum refers to the maximum. The calculation formulas of the first order derivative of |S 11 | and PE are exhibited in (13)- (15), as shown at the top of the next page.
Herein, a 90 • phase shifter is designed to demonstrate the theory above. Based on the even-odd mode method, the characteristic impedances of these coupled lines can be described by parameters ρ i (i = 1, 2, 3, and 4) and image impedances Z mi
The values of ρ i are assumed as 1 to simplify the deign process and the parameters of this 90 • phase shifter can be achieved as follows:
1) According to the phase shift, θ 4 in (2a) can be derived.
2) Based on (6a), (11), (10), (12), and (13)- (15), the image impedances Z mi (Z mi have several solutions) can be calculated with the extremal in-band return loss and
|PE|.
3) The proper values of Z mi can be obtained by selecting the bandwidth of this phase shifter. Herein, θ 4 is calculated as 4θ ( 0 = 90 • ). Meanwhile, the extremal in-band return loss and |PE| are chosen as 20 dB and 5 • . Simultaneously, the 16-dB return-loss bandwidth is set as 100% over 1.5-4.5 GHz. In this case, the image impedances Z mi are derived: Z m1 = 85.95 , Z m2 = 62.38 , Z m3 = 73.08 , and Z m4 = 50.00 , which is consistent with the analysis results in [13] . In this paper, the image impedance of the reference line is selected as 50 , which means the reference line can be equivalent to a 50-transmission line. To illustrate the analysis above, the theoretical curves are exhibited in Fig. 2 . The extremal in-band return loss is 20 dB and the phase error is ±5 • , which are consistent with the design values. The 16-dB return-loss bandwidth is 100%, also in line with expectations.
To choose the proper values of the parameters ρ i , the relationship between ρ i and the return loss is exhibited in Fig. 3 . Simultaneously, the phase properties of the main line and the reference line are presented in Fig. 4 and Fig. 5 . Herein, the parameters ρ i are set as
In Fig. 3(a) , the return-loss bandwidth of 10 dB increases slowly with a growing ρ. Meanwhile, the bandwidth of 18 dB is nearly fixed when ρ is no more than 1.6. After that the bandwidth decreases with ρ rising. In the meantime there is a saltation between ρ = 1.6 and 1.7. This saltation is caused by the enlarged extremum of in-band return loss as shown in Fig. 3(b) . In addition, this phase shifter shows a 
filtering fouction in Fig. 3(b) and Fig. 2(a) due to in-band transmission poles and out-of-band transmission zeros [31] . In Fig. 1 , the coupled lines of the main line can be equivalent to resonators, which can provide transmission poles. Meanwhile, coupled line 3 can provide transmission zeros. The insertion phase of the main line is presented in Fig. 4 (a) and the phase slope is shown in Fig. 4(b) and Fig. 4(c) . The main line insertion phase fluctuates increasingly with ρ on the rise. The absolute value of phase slope in the main line increases with ρ growing when the frequency is during 1.63-2.85 GHz and decreases when the frequency is over 2.95-4.49 GHz. The reference line is equivalent to a 50-transmission line and the slope of the insertion phase is decided by ρ when the electrical length is determined. The insertion phase of the reference line is exhibited in Fig. 5 (a) and the phase slope is shown in Fig. 5(b) and Fig. 5(c) . The correlation between insertion phase and ρ in the reference line is the same as that in the main line. At the same time, the absolute value of phase slope in the reference line decreases with ρ growing when the frequency is during 2.21-3.79 GHz. The slope of PE is close to zero when ρ and ρ are small as shown in Fig. 6(a) . In Fig. 6(b) , it can be easily found that the phase shift bandwidth (90 • ± 5 • ) becomes smaller when ρ and ρ increase equally. In this situation, their values should be small and even unequal to obtain a stable phase shift.
Herein, to achieve an ultra-wideband 90 • phase shifter, ρ of the main line should be a small value. Meanwhile, the ρ of the reference line should be carefully selected based on the value of ρ for achieving a constant phase shift. In this the theoretical curves are exhibited in Fig. 7 . The 270 • phase shifter is difficult to fabricate for Z e1 = 269.40 and Z o1 = 206.46 as shown in TABLE 1.
III. RESULTS AND DISCUSSIONS
A 90 • phase shifter is simulated, fabricated, and measured to verify the design process. The whole circuit is fabricated on the RO4350B substrate with a relative permittivity of 3.48, a thickness of 0.762 mm, and a loss tangent of 0.0037. The phase shifter is photographed as Fig. 8(b) and the physical dimensions are exhibited in Fig. 8(a) and TABLE 2. In Fig. 8(a) , the center of via holes is 0.3 mm away from the edges of the microstrips. The optimized characteristic impedances of all coupled lines are expressed: Z e1 = 88.90
, Z o1 = 83.11 , Z e2 = 65.00 , Z o2 = 59.86 , Z e3 = 76.12 , Z o3 = 70.16 , Z e4 = 54.90 , and Z o4 = 45.38 .
In this paper, the simulation and optimization are accomplished by utilizing Advanced Design System (ADS). Meanwhile, the measurement for the fabricated phase shifter is achieved through a four-port Agilent Network Analyzer. In Fig. 9 , the results of the simulation and measurement are in good agreement with each other. The measured results reveal that the return loss is better than 10 dB and the insertion loss is less than 1.25 dB (including the loss of SMA) over 1.36 to 4.53 GHz with a phase error of ±5 • . The bandwidth of this 90 • phase shifter is 107.6%. Meanwhile, the size of the phase element is 0.64λ g × 0.07λ g (excluding 50-transmission lines). Moreover, comparisons of several parameters from different papers are displayed in 
